We optimize the third-generation gravitational-wave detector to maximize the range to detect core-collapse supernovae. Based on three-dimensional simulations for core-collapse and the corresponding gravitational-wave waveform emitted, the corresponding detection range for these waveforms is limited to within our galaxy even in the era of third-generation detectors. The corresponding event rate is two per century. We find from the waveforms that to detect core-collapse supernovae with an event rate of one per year, the gravitational-wave detectors need a strain sensitivity of 3×10 −27 Hz −1/2 in a frequency range from 100 Hz to 1500 Hz. We also explore detector configurations technologically beyond the scope of third-generation detectors. We find with these improvements, the event rate for gravitational-wave observations from CCSN is still low, but is improved to one in twenty years.
I. INTRODUCTION
The Advanced LIGO [1] and VIRGO [2] gravitational-wave detectors observed signals from the coalescence of over ten binary black holes (BBH) and one binary neutron star merger (BNS) [3] [4] [5] [6] [7] [8] by the end of their second science run. Core-collapse supernovae (CCSN) are a potential astrophysical source of gravitational waves that could be detected by interferometric detectors. The gravitational waves are generated deep in the star, at the collapsing core, and are emitted untouched by the outer envelopes. They contain vital information about the interior of the star and about the core-collapse process, which is not present in the electromagnetic counterpart of the emitted radiation. We can infer various physical parameters such as the nuclear equation of state, rotation rate, pulsation frequencies, etc. from the gravitational wave signal of a CCSN once it has been detected [9] [10] [11] . However, gravitational waves from CCSN are yet to be observed [12, 13] . The inferred sensitivity of the aLIGO-VIRGO network to detect CCSN ranges from a few kiloparsecs (kpc) to a few megaparsecs (Mpc) [14] . The range of a few megaparsecs in (author?) [14] corresponds to extreme emission models which assume properties of stars which are unlikely to occur in astrophysical scenarios. The smaller sensitive range of a few kiloparsecs to CCSN along with low CCSN rates within galaxies leads to a low gravitational-wave detection probability from CCSN [15] [16] [17] [18] [19] .
The gravitational radiation from CCSN depends on a complex interplay of general relativity, magneto-hydrodynamics, nuclear, and particle physics. The burst signal, therefore, does not have a simple model, and we have to use numerical simulations to understand its structure. Numerical simulations also help in understanding the frequency content of the gravitational wave signal which is crucial in determining the parameters to tune future detectors towards supernovae.
The three-dimensional (3D) simulations of core-collapse supernovae reveal that their gravitational-wave signatures are broadband with frequencies ranging from a few hertz to a few thousand hertz. The time-changing quadrupole moment of the emitted neutrinos occupies the few Hertz to ten Hertz range, while the higher frequencies are associated with the prompt convection and rotational bounce phase, the proto-neutron-star (PNS) ringing phase, and turbulent motions. (author?) [20] and (author?) [21] demonstrated that the excitation of the fundamental gand f-modes of the PNS can be a dominant component and that much of the gravitational wave energy emitted is associated with such PNS oscillations. The frequency ramp with time after the bounce of the latter is a characteristic signature of CCSN and will reveal the inner dynamics of the residual PNS core and supernova phenomenon once detected. There now exist in the literature numerous 3D CCSN models that map out the gravitational-wave signatures expected from CCSN [19, [22] [23] [24] [25] [26] . For this study, we focus on the extensive suite of 3D waveforms found in (author?) [19] .
In our work, we optimize the design prospects of a third-generation Cosmic-Explorer-like detector to detect gravitational wave signals from CCSN and discuss the astrophysical consequences. We focus on the prospects for detection of non-rotating or slowly rotating stars since they are likely to be astrophysically more likely [27] . We first review the detection ranges for the second-generation detectors. A significant amount of power is emitted by CCSN within the gravitational-wave frequency range 500 Hz to 1500 Hz. Therefore, in order to improve the sensitivity of gravitational wave detectors to CCSN, we need to tune the detector parameters to increase the sensitivity in this bandwidth. With the present models of likely gravitational wave emission from CCSN [19] , we find that the detectable range with a supernovae-optimized Cosmic-Explorer-like third generation detector is still only up to a hundred kiloparsecs. The detector range is therefore limited to CCSN that occur within our galaxy. The corresponding event rate is approximately two per century [28] [29] [30] [31] [32] . However, the supernovae-optimized detector would improve the signal-to-noise ratio (SNR) for the galactic sources by approximately 25% as compared to the Cosmic-Explorer. For completeness, we also discuss the strain requirements in a detector to achieve CCSN event rates of the order of one per year. To this end, we address the fundamental sources of noise that limit our sensitivity to achieve this desired strain.
II. GRAVITATIONAL WAVES FROM CCSN
In this paper, we use the 3D simulations for CCSN from (author?) [19] for progenitors with Zero Age Main Sequence (ZAMS) masses 9, 11, 19, 25 and 60M .
The simulations were performed with state-of-the-art neutrino-radiation hydrodynamics using the Eulerian radiation-hydrodynamics code FORNAX [41, 42] . (author?) [19] used progenitors from (author?) [43, 44] with solar metalicity. The comparison 2D models were taken from (author?) [21] . Fig. 1 shows the spectrograms of the waveforms obtained from the simulation for the 19M progenitor. The left column shows the spectrogram of the waveform from the 3D simulation, while the right column shows the spectrogram of the waveform from the 2D simulation. The red vertical dashed line in the right column represents the simulation time of the 3D waveform. For simulations of the same ZAMS mass, both the 2D waveforms and the 3D waveforms show similar behavior in the time-frequency plane. We can see the prompt convection signal for the first ∼ 10 milliseconds after the core bounce, followed by the characteristic g/f-mode ring up of the proto-neutron star (PNS) [45] . For the 2D waveforms, the frequency ranges from ∼ 20 Hz to ∼ 2000 Hz. The g/f-mode ring up of the PNS starts around 200 milliseconds after the core bounce at a frequency of ∼ 500 Hz, and 1 sec after the core bounce reaches ∼ 1500 Hz. For the waveforms obtained from the 3D simulations, the frequency ranges up to ∼ 1000 Hz. This is because the 3D simulations end earlier (0.4 − 1.0 sec after core bounce).
We calculate the optimal distance for each of these waveforms, as defined below [46] :
(1)
where S h (f ) is the power spectral density (PSD) of the detector, ρ * = 8 is the optimal signal-to-noise ratio (SNR) and the limits over the integral are defined by f low and f high . We set the lower frequency cutoff, f low = 10 Hz and use aLIGOZeroDetHighPower [47] as PSD for aLIGO to compute the optimal distances for all the waveforms, which are shown in Table II . For aLIGO, the average distances for waveforms from 3D simulations are ∼ 8 kpc, while the average distances for corresponding 2D numerical simulations are ∼ 35.5 kpc. The 3D simulations have shorter times with respect to the 2D simulations, so we truncate the 2D simulations at the same corresponding times to compare the optimal distances. In doing so, the average optimal distance for the waveforms from the 2D simulations is ∼ 30 kpc. We find that the 2D waveforms are, on an average, ∼ 4 times louder than the 3D waveforms. Therefore, we will only use the waveforms from 3D simulations to tune the third generation detectors for CCSN and calculate ranges.
Table II also shows the optimal signal-to-noise (SNR) σ 2 of the waveforms in two frequency bandwidths : 10Hz -450Hz and 450Hz -2000Hz. These σ 2 values have been calculated using a flat PSD (see section §V), so that we can infer the distribution of the frequency content of the waveforms without being biased by the noise curves of any detector. We can verify from the spectrograms that almost all of the frequency content is below 2000 Hz. We find that the ratio of σ 2 in the range 10Hz -450Hz to that in range 450Hz -2000Hz is ∼ 0.2 for 3D simulations while for 2D simulations it is ∼ 0.1. This implies that ∼ 80% of the content of the waveforms is in the frequency range 450Hz -2000Hz. This is crucial since in Secs §III and §IV, we tune the detector parameters to increase the sensitivity in this frequency range.
In section §III, we define a phenomenological CCSN waveform which is derived from the 3D numerical waveforms. We maximize the range of the phenomenological supernovae waveform (see Fig. 2 ) with a third-generation Cosmic-Explorer-like detector. We use GWINC to estimate the noise floor for different detector parameters [48] . The maximized range achieved can then be translated into the corresponding event rate of CCSN, as summarized in table I (assuming a 100% detector duty-cycle).
We use the waveforms from (author?) [19] to compare the ranges of different waveforms of CCSN using the Einstein Telescope (ET), the Cosmic Explorer (CE) and the Supernovae-Optimized detector (SN-Opt). In section V, we invert the problem to calculate the strain requirements of a hypothetical detector to achieve an event rate of the order of one in two years or in the terms of distances -has a range of the order of 10 Mpc for gravitational-wave signals from CCSN. Lastly, we consider in section §V detector configurations beyond the third-generation detectors (Hypothetical) and find the ranges for different numerical waveforms of CCSN. 
III. DEFINING A REPRESENTATIVE SUPERNOVAE GRAVITATIONAL-WAVE WAVEFORM
To maximize the detectable range for CCSN in a given detector configuration, we need a reference CCSN waveform that captures the broad features of supernovae waveform. The reference waveform must have the strain amplitude and spectral features similar to any supernovae waveform. We use the waveforms from the 3D simulations of core-collapse [19, 49] to generate a phenomenological model that captures the broad range of features of core-collapse supernovae waveform. We generate the phenomenological waveform to average out the power emission features from different numerical waveforms so that features in any one of the waveforms do not affect the results of the study. Thereby, the phenomenological waveform provides a model-independent approach.
We construct the phenomenological waveform by a sum of sine-Gaussian bursts. A sine-Gaussian can be defined with three parameters, the central frequency f o , the quality factor or the sharpness of the peak Q and the amplitude scale h o . The frequency domain representation of a sine-Gaussian can be expressed with these parameters as
The different frequencies are used to model different spectral features of the core-collapse waveform. We choose central frequencies f i o for sine-Gaussian using the numerical waveforms from 3D simulations of core-collapse. We choose, by hand, five distinct central frequencies f i o which correspond to peak emission in the numerical waveforms. We limit ourselves to five distinct values of frequencies in order to avoid over-fitting the sine-Gaussian phenomenological waveform to the numerical waveforms. We note that the supernovae waveforms have emission at higher frequencies but they are much lower in amplitude. Therefore, for the purposes of optimization, we limit ourselves to an upper limit of 2kHz in the phenomenological waveform.
To build the phenomenological waveform, we divide the frequency domain into four bins ranging from -10 Hz to 250 Hz, 250 Hz to 500 Hz, 500 Hz to 1 kHz and 1 kHz to 2 kHz. For each of the chosen central frequencies f 
This approach gives us a simple but robust gravitational waveform, free from the parameter degeneracies but capturing the features of gravitational wave radiation from CCSN. We will use this to perform optimization and maximize the range for this waveform and thus for CCSN. The errors in the different frequency bins ranging from 10Hz to 250Hz, 250Hz to 500Hz, 500Hz to 1kHz and 1kHz to 2kHz is 3%, 9%, 2% and 19% respectively. The higher error in the last frequency bin is by the construction of the phenomenological waveform and is added to incorporate the features persistent in the 2D waveforms which show higher emissions in this frequency range discussed in section §II. Fig. 2 shows the phenomenological waveform constructed. We incorporate this waveform as a reference supernovae signal within GWINC [48] . The ranges, horizon, and reach for the phenomenological waveform can then be calculated by solving for distance D which would rescale the waveform in equation 2 as 1/D.
In each of the subsequent sections, we go back to each of the numerical waveforms and recompute the ranges achieved with all the different detector designs considered in our study. 
IV. OPTIMIZING SN DETECTABILITY FOR 3G DETECTORS
We use the phenomenological gravitational-wave waveform for CCSN to explore detector configurations that optimize the Cosmic Explorer detector's sensitivity to CCSN. To avoid overemphasis on any particular frequency chosen in the phenomenological waveform, we down weight narrow-band configurations during the process of optimization. We also avoid narrow-band designs so that the optimized detector's sensitivity to BNS is greater then 1 Gpc. We will explore the narrow-band configurations with a different approach discussed in section §IV C
A. Broadband configuration tuned for Supernovae
Quantum noise is the predominant source of noise which limits the performance of the gravitational-wave detector. Radiation pressure noise limits the detector sensitivity at low frequencies and shot noise limits sensitivity at high frequencies [1, 2, 50] . In our study, we use the design parameters of Cosmic Explorer [51] as the starting point. For the purposes of optimization, we choose the Cosmic Explorer rather than the Einstein Telescope as the former has a better noise performance at frequencies which are relevant to CCSN. We optimize over the length of the signal recycling cavity (L src ) and the transmissivity of the signal recycling mirror (T srm ) to maximize the CCSN detection range. The quantum resonant sidebands can be tuned with these parameters and we exploit this behavior for supernovae tuning similar to the approach used by Buonanno et al. [52] and Martynov et al. [53] .
We also study, the effect of the length of the arm cavity (L arm ) on supernovae sensitivity. We use Markov Chain Monte Carlo sampling [54] and particle swarm optimization [55] to search the parameter space and maximize the range for the phenomenological waveform for a broadband detector.
During the process of maximizing the range, we down-weight the narrow-band configurations with two constraints for sample points. First, the reflectivity of the signal recycling cavity T srm > 0.01. Second, the given detector configuration must have a optimal distance for binary neutron stars systems (m 1 = m 2 = 1.4 M and s 1z = s 2z = 0) to be greater than 1 Gpc. By doing so, we ensure that the detector's sensitivity is not lost for compact binaries.
The strain sensitivity improves as the square root of the arm length of the detector as long as the gravitational-wave frequency (Ω) is much less than the free spectral range (f F SR ) of the Fabry-Perot cavity. The strain sensitivity of the detector does not always improve by scaling the detector as other fundamental sources of noise also change by scaling the length of the detector [56] . As the gravitational wave spectrum of supernovae has some power in a few kilohertz range, we allow the arm length to vary independently similar to the analysis by [53, 57] . Our simulations indicated the optimal length to be close to 40 km, the upper bound value allowed for the length parameter. As a result, we set the length of the arm cavity to 40 km. For a 40 km arm length, the f F SR is 3750 Hz. The sensitivity of the detector is limited by the f F SR , any further increase in the length of the arms will reduce the f F SR , resulting in the loss in sensitivity to CCSN, where the gravitational wave spectrum persists up to a few kilohertz.
The optimal supernovae zero-detuned detector's noise budget is shown in Fig. 3 . We find a longer signal recycling with a length of 180 m compared to 55m for Cosmic Explorer along with a transmissivity of the signal recycling cavity changed to 0.015 improved the detector's sensitivity by improving the quantum noise floor at higher frequencies. The loss in sensitivity around 3 kHz is due to the FSR of the arm cavity. The dip at 4 kHz corresponds to the pole of the signal recycling cavity. FIG. 3 . The figure summarizes the noise budget of the supernovae-optimized detector for a gravitational-wave signal with a 45 degrees tilt with respect to the arm cavities [60] . Over the broad range of frequencies of interest, 500 Hz to 1500 Hz, the sensitivity is limited by quantum noise. The dip in sensitivity at 4 kHz corresponds to the pole of the signal recycling cavity.
We also consider the effects of detuning the signal recycling cavity. We find detuning the signal recycling cavity with active compensation with the squeezing phase can be used to actively tune the third generation detectors in narrow bins of frequency without losing 15 dB of squeezing. It has been proposed that detuning the ground-based detectors can be useful in testing the general theory of relativity [58] with a joint operation with LISA [59] . We will consider the applicability of these configurations to see if they provide any improvements for CCSN in section §IV B.
The optimization over the length of the signal recycling cavity and the transitivity of the signal recycling mirror to maximize the supernovae range with the phenomenological waveform in Fig. 2 leads to an improvement of approximately 30% in the range of CCSN as compared to the Cosmic Explorer design. However, extending the range from a 70 kpc to 95 kpc does not add any galaxies in our local universe. The optimized supernovae detector does not increase the detection rate as compared to the Cosmic Explorer. For the sources at a fixed distance, this corresponds to approximately 25% improvement in SNR.
The Fig. 4 compares the broadband configuration of a zero detuned 40 km detector optimized for CCSN signals with the design of the Cosmic Explorer, both configurations have a 15dB squeezing. We improve on the sensitivity in the frequency range from 450 Hz to 1550 Hz at the cost of a loss in sensitivity from 10 Hz to 450 Hz. This results in a 15% loss in range for BNS. However, it still provides higher sensitivity for the post-merger signals based on the predicted frequencies of The figure summarizes the sky-averaged and orientation-averaged power spectral density of Cosmic Explorer and supernovae-tuned detector [61] . We see that the Cosmic Explorer has a better noise floor from 10 Hz to 450 Hz. The supernovae-tuned detector has improved sensitivity over the range from 450 Hz to 1600 Hz. The numerical waveforms of CCSN suggest that a significant amount of power is emitted in this range. The optimization for CCSN improves the range from 70 kpc to 95 kpc for CCSN. However, this range improvement does not add any new galaxies. Therefore, the event rate does not change with the improved sensitivity and we are limited to sources within our galaxy.
interest for post-merger oscillations [5, [62] [63] [64] . The table III summarizes the parameters and their corresponding ranges towards different gravitational-wave sources. One advantage offered by the supernovae optimized configuration is robustness. Without any squeezing, the supernovae optimized detector has a range extending to the LMC, whereas the range of the phenomenological SN waveform with Cosmic Explorer without squeezing is 32 kpc.
Next, we use the noise curves of aLIGO, Cosmic Explorer, Einstein Telescope and Supernovae optimized detector configurations to compute the ranges for the 3D waveforms As stated earlier, the 3D waveforms are representative of astrophysically abundant stars which are not rapidly rotating and the corresponding gravitational wave strain emitted is small. Figure 5 summarizes the ranges of different waveforms based on their ZAMS mass. We see that the sensitivity of the third-generation of gravitational-wave detectors to CCSN is limited to sources within our galaxy. From the event rates of CCSN summarized in table I, we find the corresponding event rate of observation of gravitational waves from CCSN (assuming a 100 % detector duty-cycle) is approximately one in fifty years.
B. Detuning a large signal recycling cavity for narrow-band configurations
A significant GW signal from CCSN lies in the frequency band from 500 Hz to 1500 Hz. The power emitted at different frequencies may vary depending on The figure summarizes the distance of the 3D waveforms for different second and third-generation gravitational wave detectors. We see for second-generation advanced LIGO detector that the optimal distances for the 3D numerical waveforms are limited to 10kpc. The optimal distance is so small enough that we are not sensitive to all the galactic supernovae. All the third-generation detectors have optimal distance such that each detector is sensitive enough to detect gravitational waves from galactic CCSN. However, as evident from the plot above, for a source at a fixed distance, the ET will have the lower SNR as compared to Cosmic Explorer. The supernovae-optimized detector provides approximately a 25% improvement in the SNR as compared to Cosmic Explorer.
the astrophysical features of the star -mass, rotation speed, equation of state, etc [49, [65] [66] [67] .
In this section, we do not change the detector parameters' such as the transitivity or the length of the signal recycling cavity. This is because these parameters cannot be changed once the detector design is laid out. However, one can detune the signal recycling cavity to maximize sensitivity in a narrow band of frequencies [68, 69] . This response from detuning the signal recycling cavity arises from the two sidebands resonances in quantum noise [50, 52] . We consider the detuning of the signal recycling cavity at different frequencies.
We maintain the frequency dependent squeezing of 15 dB. We achieve 15 dB squeezing in a detuned signal recycling cavity without losing the injected squeezing by actively changing the squeezing angle in accordance with the amount of detuning. Thus, detuning the signal recycling cavity along with actively changing the squeezing angle can be used to switch from a broadband zero-detuned detector to a narrow band detector with greater sensitivity for some frequencies determined by the magnitude of detuning. We perform another tier of optimization in which we actively vary the amount of detuning and the squeezing angle. We limit the amount of detuning in the range from −π/5 to π/5 and the squeezing phase is tuned in between −π to π. To optimize the detector response at frequencies of 40 Hz, 100 Hz, 400 Hz and 1200 Hz, we inject a sine-Gaussian at each frequency and then maximize the range for this injected signal by varying only the detuning and squeezing angle 6 . We explore the possibility of detuning the signal recycling cavity to improve the sensitivity towards CCSN. We find that detuning can be used to improve sensitivity in narrow bins of frequency below 400 Hz. This could, therefore, be used to study the ring-down modes of binary black-holes systems in collaboration with eLISA [58] . However, for improvements to the range of CCSN, this technique isn't useful.
for the supernovae optimized detector.
We find that detuning the signal can improve the sensitivity of the detector in narrow bins of frequency below 400 Hz. We do not achieve improvements in sensitivity at higher frequencies therefore, we do not improve the range for different models by detuning the detector.
There are no improvements in the optimal SNR values for a source at a fixed distance. In summary, detuning the signal recycling cavity is not useful for improving the Cosmic-Explorer-like detector's sensitivity to CCSN. Instead, detuning the signal recycling cavity at higher frequency degrades the sensitivity of the broadband supernovae-optimized detector. The corresponding results of detuning the signal recycling cavity are summarized in Fig. 6 .
C. Narrow-band Configurations tuned for Supernovae
The parameters of the broadband supernovae-optimized detector were computed in section §IV A with two constraints. We will in this section relax those constraints and consider narrow-band detector configurations to maximize the range for CCSN. The phenomenological waveform we developed cannot be used for narrow-band optimization as the fit was performed to match the power of the 3D waveforms over a broad frequency bandwidth. Therefore, we find narrow-band configurations using a different technique.
The length of the signal recycling cavity can be changed to tune the resonant frequency of arising from the coupling of the signal recycling cavity with the arms of the interferometer [52, 70] . The bandwidth of the resonance at a frequency ω r is given by
where T srm is the transmissivity of the signal recycling mirror and L src is the length of the signal recycling cavity. We choose the length of the signal recycling cavity at 150m, 300m and 750m are such that the resonant frequency ω r is at 1000 Hz, 750 Hz and 500 Hz respectively. The equation 4 is then inverted for bandwidth ranging from 250 Hz to 1600 Hz and the corresponding values of the transmissivity of the signal recycling mirror are calculated.
We find that a narrow-bandwidth of 250 Hz significantly affects the sensitivity of the detector towards CCSN. This is expected as we have stated earlier that the frequency spectrum of gravitational wave emission from CCSN is broadband. The range improvements achieved by narrow-band detectors at 500 Hz, 750 Hz and 1000 Hz with a bandwidth of 250 Hz are also varying from waveform to waveform and therefore is not model independent 7. When the bandwidth is increased to 1600 Hz the range improves for the 750 Hz narrow-band detector for some of the waveforms as shown in Fig. 7 . The L src = 300m and T srm = 0.0064 give this narrow-band detector configuration. The mean improvement in optimal SNR with the 750 Hz narrow-band and 1600 Hz bandwidth detector is approximately 10 % with respect to the supernovae optimized broadband detector. However, we caution that the improvement from narrow banding is not the same across all the 3D numerical waveforms. Moreover, this comes at the cost of significant loss of sensitivity below 400 Hz and above 1100 Hz. The range for BNS drops to 3 Gpc (z=0.9) compared to 3.7 Gpc (z=1.1) for supernovae-optimized Cosmic Explorer and 4.3 Gpc (z=1.4) with respect to the Cosmic Explorer.
V. CHALLENGES IN BUILDING A CCSN DETECTOR TO ACHIEVE HIGHER EVENT RATES
In section §IV A, we find an optimized third-generation broadband gravitational wave detector for a CCSN signal has the range only to a few hundred kilo-parsec for the 3D numerical waveforms of CCSN.
We now address the question of what are the strain requirements for a gravitational-wave detector to be able to detect CCSN with an event rate of 0.5 per year. From the table I, we see that this "Hypothetical CCSN detector" must have a range of O(10 Mpc) for CCSN to achieve an event rate of 0.5 per year. Moreover, a single detector, we need a signal to noise ratio (SNR) of 8 to define the detection of a signal against the background. Using the two constraints above we can calculate the minimum strain sensitivity required to achieve an event rate of 0.5 per year for the waveforms from 3D numerical simulations. The optimal distance for the numerical waveforms can be calculated by equation 1. The limits over the integral are defined by f low and f high . To find the strain requirements for the different waveforms we assume a flat PSD over a broadband range of frequency ranging from f low and f high . We consider two scenarios which are summarized in the figures 8. First, we vary the upper limit of the frequency integrated -f High with the lower limit of integration is held constant at 10 Hz. The second scenario where the upper limit of integration is constant at 2 kHz and we vary the lower frequency limit f low . We find the minimum strain sensitivity required for the gravitational-wave detector to detect the CCSN with an event rate of 0.5 per year is 3 × 10 −27 Hz −1/2 over a frequency range of 100 Hz to 1500 Hz.
Thus, we need a detector with sensitivity approximately a hundred times better than the Cosmic Explorer design to detect CCSN with an event rate of 0.5 per year. In the next section §V, we will summarize the noise limitations of the third generation detectors and consider design parameters for gravitational-wave detectors beyond the scope of the third-generation to determine the technological hurdles to overcome in order to ever observe gravitational signals from CCSN more frequently.
It is evident from Fig. 3 that the sensitivity is limited by the quantum noise in the broad range of frequencies. The standard quantum noise limit is dependent primarily on the length of the arm cavities, the test masses and the power of the input laser [71] . The length of the arm cavities cannot be increased any further as the f F SR would significantly affect the performance of the detector at the frequencies of interest. As a result, we set the length of the Hypothetical detectors to 40 kms. Increasing the power of the input laser is the one possibility to reduce quantum noise. We assume an input laser power of 500W. At high frequencies, the quantum noise in the detector manifests itself as shot noise and is limited by photon number arriving at the photo-detector. Hz −1/2 in range 10 Hz to f High (above) and f low to 2 kHz (below), the figure summarizes the range with the corresponding sensitivity and numerical waveform CCSN corresponding to their ZAMS mass. We see a broadband detector with a strain sensitivity of 3×10 −27 Hz −1/2 from 200 Hz to 1.5 kHz is desired to achieve the ranges that would correspond to an observed event rate of one per year for gravitational-waves from CCSN.
To see the best we can achieve, we set the photo-detection efficiency of the photo-detector in Hypothetical to 1 (from 0.96 for CE design). For the same reason, we also set the optical and squeezing injection losses in the detector to zero.
The coating thermal noise and the residual gas noise are the next limiting factor in the system. We reduce the substrate absorption by an order of magnitude from CE design. Lastly, as the frequency range of interest is from 100Hz we can sacrifice the sensitivity at lower frequencies. Thus, we can reduce the masses of the mirrors as we are interested in improving the shot noise characteristics of the detector, at the cost of higher radiation pressure noise. In this setup we optimize over the length of the signal recycling cavity L src , the transmissivity of the signal recycling mirror T srm , the transmissivity of the input test mass T itm and the scale mass parameter to change the masses of the mirror. The optimization over these parameters is aimed at maximizing the range for the representative supernovae waveform, we will reference this optimized detector as Hypothetical-1.
The quantum noise limit in a dual-recycled FIG. 9. The figure above summarizes the noise budgets for the Hypothetical detector configurations. We see from the figure on the top that the detector's sensitivity is limited by residual gas noise. Therefore, we reduce the residual gas pressure by a factor of ten from CE design. The plot in the middle and bottom plots show optimization results without changing the transmittance of the power recycling cavity and with active changes in the transmittance of the power recycling cavity. Thereby, changing the gain of the power recycling cavity and the finesse of the detector. We will refer to the two detector configurations as Hypothetical-1 and Hypothetical-2 respectively. Fabry-Perot interferometer also depends on the gain of the power recycling cavity [50, 52] . We will in another independent optimization also tune the transmissivity of the power recycling mirror T prm along with the above parameters. We define this supernovae-optimized detector as Hypothetical-2. The table III summarizes the optimal parameters of different detectors. Fig. 9 shows the noise budget of the Supernovae optimized Hypothetical detectors. We see that the residual is the limiting source of the noise. Removing the residual gas noise improves the noise floor of the detector by a factor of two in the wide range of frequencies of interest, see Fig. 9 . After removing the residual gas noise, we are limited in sensitivity by quantum noise over the broad range of frequencies.
The strain sensitivity achieved after removing the residual gas noise is 5 × 10 −26 Hz −1/2 . The improvements in photo-detection efficiency, the input laser power, substrate coatings and minimization of optical losses are not sufficient to achieve a strain sensitivity of the order of 3 × 10 −27 Hz −1/2 required to detect CCSN with an event rate of one in two years (see section §V).
Lastly, we revisit the numerical waveforms of core-collapse supernovae to see the ranges achieved by the Hypothetical supernovae-optimized detector designs. We find for the 3D waveforms from numerical simulations have a mean distance of 800 kpc, see Fig. 10 . Thus, with beyond the third generation detector designs, we would be able to observe core-collapse supernovae from Andromeda. The corresponding event rate is of the order of one in twenty years. The event rate calculation assumes a 100% duty cycle of the detector. The observation rate of gravitational waves from CCSN is low even for gravitational-wave detectors beyond the scope of the third-generation detectors.
VI. CONCLUSION
We have shown that it is possible to tune a Cosmic Explorer detector to increase the range to CCSN by approximately 25%.
This range improvement does not translate to increase in detection rate due to the inhomogeneity of the local universe. Therefore, even optimized third-generation gravitational-wave detectors will be limited to CCSN sources within our galaxy and the Magellanic Clouds. Assuming the detectors have a duty-cycle of 100% the corresponding event rate of CCSN is one in fifty years. Incorporating the detector downtime and duty-cycle would further decrease the event rate of observed gravitational-wave signals from CCSN.
However, if such an event were to occur, the broadband supernovae-optimized detector would improve the SNR by of sources by 25%.
This improvement would facilitate help understand the properties of the progenitor star in the rare event of CCSN observation. The supernovae-optimized detector has a slightly reduced sensitivity to the inspiral of neutron stars, but the high-frequency improvements would benefit the study of post-merger signatures and the late-time behavior of the inspiral.
We find that a gravitational-wave detector would require a strain sensitivity of the order of 3×10
−27
Hz −1/2 , over a frequency range from 100 Hz to 1500 Hz in order to guarantee a high rate of CCSN detection. At this strain sensitivity, as per the current estimates of the BNS background, the stochastic background from BNS mergers would contribute as the fundamental sources of noise [72] . This along with technological challenges discussed in section §V poses significant hurdles in achieving an event rate of one per year for the observation of gravitational-waves from CCSN based on the present models and knowledge of gravitational-wave emission from CCSN. The technological requirements for these upgrades are beyond the requirements for the third-generation detector. With drastic improvements of an input laser power of 500 W and a photo-detection efficiency of 1, an order of magnitude improvement in the residual gas noise and coating noise from the Cosmic Explorer design, and assuming minimal optical losses in Hypothetical detectors. We find that after optimizing these detector configurations to maximize for the supernovae range the range extends to Andromeda for some of the CCSN numerical waveforms. The event rate achieved with such a hypothetical detector is one in twenty years.
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